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TECHNICAL NOTE NO. 1051

PPELILINARY INVEASTIGATION OF THZ LOADS CARRIED
BY INDIVIDUAL B3QLTS IXN BOLTED JOINTS

By Manford B. Tate and Samuel J. Rosenfeld
SUMMARY.

A general solution is presented for the determina-
tion of loads carrled by individual bolts in symmetrical
butt joints. Expressions for bélt behgvior are given by
which the general solutlon may be readily adapted to the
numerical calculation of bolt loading in joints made of ~
any of several combinations of msterials common to air-
plane construction, and an example 1s solved to illu~t3§§e

the numerical procedure. All expressions are confined to
the range of elastic action of joint combonents.

Tests were conducted in which the test swnecimens were
made of 2LS-T aluminum-alloy plates festened by two cor

three ﬁ—inch alloy-steel belts with the bolts 1n a single

line in line with the apvlied load, Test results are
given in the form of curves showing bolt-load histories
turough the elastic and yiseld ranges to joint failure.  ~
Empirically based nrinciples are hropose&'to define the’
vractical upper limit of elastic action of ‘& joint sub-"
ject to static loading and to obtdin curves rebresenting
bolt action above this 1limit for three-bolt joints. Jifh
empirical data, such curves combined with analriical
equatlons provide a means for the predicclon of bolt
loads at any Joint load. Bolt-deflection curves and

From the tests of three-bolt joints, agreement witiin
about 10 perc¢snt was found between tneoretlcal and experi-
mental bolt loads within the elastilc range. Although the
bolts carried markedly unequal loads in the elastic range
(as indicated by theory), it was found for such joints
(containing not more than three bolts in the line of
stress) that a process of bolt-load equalizatfbn took
place beyond the limit of elastic action which for Dracti-
cal pourvoses caused the bolis to be loaded equally at
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joint fellure. Information is needed with respect to
multirow joints, however, because in the elastic range
the bolts in the first rows carry far greater loads
than Interior bolts and Joint fallure may occur before
complete equalizatlion of bolt loads is reallzed.

"INTRODUCTION

“n recent years the need for more rational means of
design aind analysis of connections has been emphasized by
the exscting requirements of modern alrplane construction.
The mothods of Joint anhalysls are far more antiquated than
those employed for other parts of the alrcraft structurs.
Improved methods for predicting Jjolnt strength offer =
means of reducing welght 1f they are adapted to make more
efficlent use of all connectors within & jJjoint. From the
production viewsoint, Jenkins (reference 1) has shown that
acproximately 50 percent of the total cost of the all-
metal alrplane frame is due to connscting the various
comporents of the structure and that the cost of riveting
end bolting constitutes between 80 and 90 percent of the
total cost of connections. These conditions suggest a
promising fleld for 1lnvestigation.

The well-established methods for comouting rivet or
bolt loads are based on assumptions derived from ultimate-
strength tests of & number of riveted joints. Rlvets or
bolts of the same size were thought to—carry equal loads
because the ultimate strength of the tested jolnt was
avnroximately equal to the strength determined from the
ultimate strength of a single rivet multiplied by the
number of rivets in the Joint. The fact that rivets or
bolts 1In a structural joint do not generally carry equal
loads in the elastic range was recognlzed as early-as
1867 (reference 2). FEatho (reference 3) demonstrated
that a riveted jolnt is a statically indeterminate struc-
tural system and that the rivet loads may be obtalned by
the principle of least work. Hrennikoff (reference 2)
develoned equations for rivet loads for a limlited number
of joint sasrrangements from a consideration of the deforma-
tions of plates end rivets. Poaner (reference l.) devel-
oped & general bolt- or rivet-load equation for lap Joints
based on the deformations of the plates in tenslon and in
bearing under the bolts or rivets. Several lnvestigators
have made use of equetions derived by means similar to
those fust mentioned but have obtained factors for rivet
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behavior by tests of verious joint arranzements (refer-
ences 1, 2, pp. L6Li-169, and 3). Some investigators
have deslt with butt jolnts (references 2, -pp. uoli-1}69,
and 5), some with lao joints (references-l and ly), and
some with both (references 3, 2, 5,and 6), A brief
history of esrly investigatlons is given in reference 2,

pp. L7li-li8L.

The vresent paper deals with tane problem of load
distribution among the bolts of symmetrical butt joints.
Tests were conducted to determine experimentally, both
within and above the elastic range, the menner 1In wnich
load was distributed among the verious bolts. The test
spnecimens were doubly symmetrical two- and three-balt
joints made of 2L4S~T aluminum-alloy vplates 1oined by a

slngle line of E-inch alloy-steel bolts. Reference to a

joint having a certaln number of bolts means that the
total joint load is imposed on that numher of bolts.
Anglytical expressions, based on elastic action of the
Jolnt components, are given whereby the bolt loads may

be computed and the experimental and analytical resa.ts
are comparsd., The Important gquestion of JOlnt action
above the limit of elastic behavior is most readily
treated from the standpoint of empiricism. Principles,
based on the test results, are suggested, but such orineci-
ples can be extended for general application only when
arpropriate empirical data sre available. —

SYUBOLS

A cross-«sectional area, square Inches

bolt constant, dependent upon elastic properties,
geometric shape, dimensions, and manner of loading
of bolts, and upon bearing-properties and thick-
ness of plates inches per kiv

D bolt diameter, inches

td

Young's modulus, tension or compression, ksi
G shearing modulus of elasticity, ksi

geomstric moment of inertia, inchesu

=
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K

plate—constant for tension or compression loadlng,

dependent opon geometrie shape, dimensions,
- slastic prcocperties of plates,

— distribution, inches wer kip

length, inches

bending moment, inch-klps

number of bolts Iin transverse row

external apnlied losd, kips

‘bolt load, kips
plate width, inches
pitch, inches

thickness, inches

uniform load on balt per unit length; kips por-inch

distun-+e measursd along bolbt axls, inches

Alstence measured in plane
axis, inches

mumerical factor for beams by which aversge shearing

of loadinz normal

.,

and assumed stress

to bolt

gtress is multiplied in order to determine

chearing stress at centroid of a

deflectlon of bolt, inches
deformation

senslle strain

direct stress, ksi

shearing stress, ksai

Subscripts:

F

av

'ixed-end

average

cross sectlion ) A

’ .
b

4
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bb

br

bs

p

)

bolt

bendinzg of bolt
bearing

shear of bolt
eritical

any transverse row of bolts

last transverse row of bolts with reference to end

of butt strap
any plate, or magin plate

butt strap

Special combinations of symbols:

Py,

Pg

Py

i-1

1

statlically indeterminate structural system and can be o
analyzed as such a system if certain conditions are known °

or assumed. The theoretical solution given in appendix A

measured internal load in lower main plate (see
fig. 1) at a section where - Py, should equal
kips _ .

measured internal load in butt straps at center
joint, where Pg should equal P, kips

me&asured internal load in uprner main plate (see
fig. 1) at a section wherc Py should equal
Kips . :

R sﬁmmation of a1l bolt loadé from row 1 to row'i,

excludinz row 1

THEORY AND BASIC ASSUMPTIONS

Elastlic behavior of joints.- A bolted jolnt is a

P,

of

P,

for the deétermination of the lcads carrled by bolts in
svmmetrical butt joints is based upon the following . con—
itions:

(1) The ratio of stress to strain is constant
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—(2) The stress is uniformly distributed over the
cross sections of maein plates and butt—=straps

(3) The effect of friction is negligible

1t} The bolts fit the holes initially, and the
material of the plates in the immedlate viclnity of the
holes is not damaged or stressed In making the holes or
by insertlng the bolts .

(5) The relatianship between bolt deflection end
coib leoed is linesr in the slastic range

On the basis of these assumptlons, it is found for sym-
metrical butt joints that the relationship between the
loads on any two suceeasive belts in a single line cf
bolts is
o 2K, + K 2K 2K, + Kg kS

. &t R s P P N

— n + Te - -+ R (l
T+l = o Cir1 " T Tyl Civ1 L )

GBgquatlion (1) is used in the computation of bolt loads 1in
appendix B.

Based on assumptions 1 and 2, the plate constant E
may be stated as

K = g | (2)

The linear relatlon betwesen bolt load and deflection
{assumntion 5) may be expressed in terms of the bolt
constsnt € @as '

5 = & (3)

In the determination of € it 1s assumed that—the
bolt acts as a fixed-end beam with the holt.lcad R dis-
tributed uniformly along a lenzgth equal to the maln-plate
thickness., Actlng in the opposite direction, the bolt
locadi i3 unliformly distributed along two lengtha, each
egueal to the butt=strap thickness. Bearing stress 1is
computed In the conventional manner as bolt load dlvided
by an area that 1s determined by projascting the bolt
diemeter on the plate thichkness; and bearing deformatlons
are exnressed in terms of the comnressive modull of the

.owy

i
I..i"ul o

L



NACA TN No. 1051 7

’

materials and dimensions of the bolt and plates. From
these considerations, C may be stated as follows Tor
joints made of 2LS-T plates with a butt-strap thickness

t
of one-half the main-plate thlckness tg = 2 ~and
fastened with alloy-steel bolits:

8 tp 2 E_E 2. )
= prbb 0.13 ey 2.12 + > + 1.87 (L)

For other symmetrical buti-jolnt arrangements, expressions
for ¢ are given in appendix 4. (See equations Alé to
A2Z, .

The third assumption (thut the effect of friction 1s
negligible) gives rise to & highly controversial point in
the literature on rivetsd Jjolnts. It avpears, at least
in the design range common in civil-engineering practice,
that a large part of the joint load is carrised by friction
in hot-riveted joints and in bolted joints if the bclts
are drawn ti Tests reported by Hill and Holt (refer-
ence 2, pPp. Eéh Li69) indicated, however, that friction is .
of 1little lmportance as a factor in the behaviar of ——
riveted joints. Epstein (reference 7) also conducted
tests that indicated minor frictional effects in cold-
riveted joints.

Apparently the fourth assumption (that the bolts fit
the holes) would seldom be fulfilled in an actual Joint,
and departure from this assumption would be détermined
largely by fabrication methods. It should be remembeéred,
however, that although the presence of numerous bolts in
a Joint makes the likelihood of érrors from extFfanéous
sources greater, the percentage deviatlon from the pre-
dicted theoretical bolt load will probably be less than
in the case where only a small number of bolts make up
the jolnt, because such errors are distributed among a
larger number of bolts in the first instance then in the
second. It may be anticipated, therefore, that the main
features of the analysis will hold when connections are
Joined with several bolts and when good shop practices
are used.

Further consideration of the second and fifth assump-
tions is made in the dlscussion of the analysis of test.
data, and the third and fourth assumptions were fulfilled
insofar as practicable in the fabrication of test specimens.
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Inelastic behavior of joints.- As load on a joint 1s

increased, a load 1s reached &t which yieldlng of the
plates or of the bolts occurs. Whether yleld takes place
firss in the plates or bolts or occurs simultenecusly in
both depends upon their relative dimensions and elastic
properties. It 1s therefore possible for one component
to act elastically and the other inelastically, but the
yielding of any component constitutes the beglnning of
inelastic action of the joint as a whole. Interpretation
of this viewpoint, however, should be practicel and
should not include ylelding of small regiona where there
are stress concentrations when such ylelding has no
appreciable effect on the over-all elastic behavior of
the Joint. A part of the behavior of a Joint may be pre-
dlcted from an elastic theory, and empirical methods may
be employed in the determination of the upper limlt of
elastic actlion and of joint behavior above this elastic
limit. This upper limit of elastic action is termed the
"eritical bolt load" Rgy 1n this paper.

In the snalysls of three-bolt joints in which the
main plate and butt straps are of the same width and

t
material with tgq = ?f and are Jjolned by bolts that are

all of the same size and material, the following procedure
may be used to predict the joint-load ageinst the bolt-
load (P-R) relationships throughout the elastic and ylelad
ranges to joint failure. The procedure, however, has not
been extended to include other Jjoint arrangements because
only two- and three-bolt Joints were tested. For the
elastic range, the P-R relastionships may be established
by meanas of equation (1l). These relationships may be
plotted and the experimentally determined value of Rgp
plottad on the P-R curve for the most heavily loaded bolt,
which is either end bolt for the case under conslderation.
The end bolts can be shown to support equal loads, and
either one carries a greater load in the elastlc range
than the middle bolt. (See appendix C.) A stralght line
may be drawn connecting the points for Rer - and the

average bolt load at failure, which 1s equal to the Jjoint-
failure load divided by 3; thus the P-R curwve for elther
end bolt is completed. The end-bolt—load R may be com-

puted for any joint load from equations of the straight
lines obtained as outlined. ILoad R2 on the middle bolt
may be found at any given Jjoint load as Rz = P - 2R1.
The values of R2, however, are of less importance than
the greater loads Rl on the end bolts and in many cases
1t 1s unnecessary to computse—values of R2.

et
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TEST SPECIMENS AND PROCEDURES

Specimens and Apparatus

Specimens.- Materials common to aircraft construction
were used for the test specimens, which were selected to
provide a plate-thickness range sufficient to check the
appliceblliity of the theory. 8ix symmetrical butt~joint ™
specimens - three of the two-bolt jolnts and three of
three-bolt Jjoints - were fabricated and fested. Bach
specimen was made symmetrical about its transverse center
line., Such & condition providezs duplicate test specimens,
as the theoretical behavior of the part of the joint on
one side of this center line is identical with that of the
part on the other side of the line. The spscimens were
classified in two groupsS, A and B. It was decided to
test two-bolt joints (group A} {n order to procuré infor-
matlon in _regard to the reliabllity of the method for
determining bolt loads from strain measurements and to
secure additicnal information which might serve in the
interpretation of data obtained from tests of tnree—bolt
joints. The three-bolt joints (group B) were chosen to
furnish an experimental check of the theory and o exne—;

dite testinz and the analysis of data, _”-f' Lo =

In all cases, the material of:the plates was 24S~T
aluninum alloy and the bolts were &=-inch aircraft bolts,

equivalent to those specified in réference 8 of heat-
treated alloy steel with minimum ultimate tensile and
shearing strengths of 125 ksi and 75 ksi, respeotively.

Specimens_A-]l and B-1 were of balanced design based
on the usual assumption that load is divided equally
among the bolts. The design stresses were 62 and 90 ksi
for tension and bearing of thé plates,’ respectively, and
75 ksi for shearing of the bolts. Although reference 8
permits a greater allowable tensile stress, it was con-~ _
sidered advisable to use 62 ksi to attain the actual _ -
shear strenzth of the bolts, Specimen A-2 and BR-2 were
designed to fail 1in shear; and specimens A-% gnd B- -3, in
tension. In every case, the butt-strap thickness was -
one-half that of the malin plate, A wldth of 1& inches

and a pitch of 2 1inches were used for all specimens in
order to accommodate the strain gages. A wring it was’
used to fit the bolts in gll specimens. In preference to
washers, collars made of z-inch steel tubing were placed
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under the nuts to eliminate bearing of the plates on bolt
threads. When the specimens were assembled, the nuts were
first tightened to bring ths plates together and then, in
order to eliminate friction forces insofar as practlicable,
were lcosened to cause firm conlact between the bolt heads
or collars and plates, The spsclmens are shown in figure 1
and their dimensions aras glven in table 1.

Apparatus.- Load was applied in tension by means of+
a hydraullc testlng machine having 100-kip capaclty and

an accuracy within 0.5 percent. Wedgs grips were used to
apply load to specimen A-1l, and the remeaining specimens
were gripped with Templin grips of 50-kip capacity.

_Straln was measured by %—1nch SR-l; electrical gages.

With these gages, the error in straln measurement dild not
exceed 2 percent. An attempt was made tn msasure bolt
deflections by means of micrometer microscopes but was
abandoned because thé instruments were not sufficlently
precise to measure the small deflectlons that occurred in
the elastic range. As load was applled, cnlargement of
the gap between mailn plates was measured with l-inch
Tuckerman optical strain gages. The arrangement of elec~
trical strein gages is shown in figure 1 and the general
test arrangement for a typilcal specimen 1s shown in
figurs 2,

Teating Procedurs

The width and thickness of each plate were measured
at several poinits along the length of the plate with =
micrometer caliper of 0.000l-inch preclsion, and the bolt
diameters were checked as a precaution agalnst the use of
appreclably irregular bolts. }

wo0adling tests in the elastlic range.- In the loading
tests in the elastic range, load was appllied in six or
seven (usually equal) increments to a load approximately
equal to L5 percent of the estimated ultimate load. The
specimen was then unloaded with repetition of the lncre-~
ments used 1ln the application of lncreasing load. This
rrocess was repsated twice, wilith the specimen thus sub-
jected to thres complete cycles of loading. Strain
readings were made at each Increment of load. This pro-
cedure was followed in testing all joints with the oxcep-
tion cf specimen A-1, which was loaded directly to fallure.

SRS |
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Loading tests to fsilure.- Alter the first phase af
testing, the specimens were roaded to {allure. - Load was
aoplied in 12 to 15 increments until failure occurred.
Strain and the increase in width of tas gap between main
plates were observed at esch load 1increment, rhotogra hs -
of the fractured specimens are snown as figures 3 and

Avxiliary tests.- Ptress-straln data were sscured
from tests of staridard tension specimens representing the
plate components of the joints. The location of the ten-
sion snecimens in relation to ths plates from which t1ey
were obtained is shown in figure 1. ) e ——

Shear tssts: of single bolts were conducted in order
to evaluate a double-sheer strengti: that would he repre-
sentative of the bolts employed in Jjoinirg the specimens
of groups A and 3, For thnse tests, the nlates were of
S.A.E. 6150 heat-treat ed steel and & wring fit was used
to fit the bolts. The dimenslions of the specimens are
shown in table 1. As 1t was desired to campare sspgrately
determined bolt deflections with averarse values computed
from the movement of the gap, three sets of ueflcction -
measurements were obtained in esch of two tests. Iove- o
ment of the gap was determlned in the manner used to
secure similar data for specirens of groups A and =8,
Deflection measurements for botn bolts were ohtsalned - - —
seneratelv by nlacing 2-inch Tuckerman gages on oaposite
faces of g specimen with the fixed knife edge of a gags
on the butt strap and with the lozengs .on the main %Iate.
Precautions were taken to snsure approximate parallelisr S
between the gages and plate surfaces. - _ ce—

PRESENTATION ARD DISCUSSIOR OF RESULTS

Determinatian of Bolt Loads and Deflections .
from 1est Data ’

The exaerimental bolt loads were obtained by finding
the loads in the butt strans at sections midway between-
bolts; the difference bestween loads at two ad'acant 89C~
tions was consldered to be equal to the laad on the intar—
vening bolt. Butt-strap loads wers computed from strain
datay; end for specimens A-1, A-2, B-1, and B-2 the Toads
were corrected for the slfect of lateral bending moment
in the butt strans, which acted in s plane normal to the
vlane of the strans. The lateral moment was induced by =
eccentricity of the resultant of the part of a bolt losad '



12 NACA TN No. 1051

that was transmitted to one butt strap. The curves of

the butt-strap loads Pg are plotted in figures 5(a) to
15(a) to illustrate the effect of lateral bending and are
shown in conjunction with the curves of joint lcad against
bolt load because ol the 1Intsrrslationshlp of these curves
owing to the use of 'Pg in the determination of correc-
tion factors. Calculation of butt-strap loads, the pres-
ence of lateral bending moment, and the correction pro-
cedure are explained in appendix D.

The methods used in the determinatlon of bolt deflec~
tions are based on rslatlve movements ¢of the main plates
and butt straps. Elongsation of either the maln plates or
butt straps, depending upon the location of instruments
used to measure Joint movetnients, was included in msasure-
ments obtained during the tests. Deflectlions were com-
puted by subtracting such elongation (considered to be
PL/AZ) from the test meassurementa. A more detailed expla-
nation of the methods embloyed is given in appendix D.

_Curves of Joint Ioad Agelnst Bolt Load

The maln results of thils investigation are presented
in the form of curves of jolnbt load against bolt leoad
shownt in figures 5 tu 15. These curves show the load
history of each bolt—=nd indlcate the behavior that may
be expected of bolts loaded under conditicns simllar to
those of the tests.

Elastic bshavior of test speclmens.- Flgures 5 to 9
show bolt-Toad values determined from the loading tests
in the elastic rangev The curves accompanying the plotted
points represent experimental curves for the same bolts
obtalned from the tests to fallure. During the testing
of specimen A-3, the strain gages at Lthe center of the
Jjoint on one butt strap became loosened. As & result,
the values of Pg, Rz, and RB could not be detsrmined;

hence, only the curves for Rj and R) are shown in

figure 6. Replacement of the inoperative gages was made
prior to the testing of specimen A-3 to fullure. Inspec-
tion of figures 5 to 9 shows that there is good agrecment
among the-repeated bolt loads and between these loads and
the curves from tests tofallure.

Figures 10 to 12 glve the results of testing the
specimens of group 4 to failure. -Both theory (appendix C)

deia du
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and the conventional method of analysis (that is, the
agssumption of equal loads carried by the bolts) indicate
that the P-R curves should be represented by the equation
R =0,500P. This curve 1ls not shown, however, as it was
considered more informatlive to give the experlmental
curves and their equations. 1In every case, the equation
glven for e curve applies to the inltial straight-linse
portion of the curve. In general, it may be seen that
deviations of 3 to 11 percent from an equal distribution
of load to the bolts occurred in the two-bolt joints.

The maximum deviation from equality of bolt loads occurred
in the right end of specimen A-2, wherein the fourth bolt
supported about 20 percent more load than indicated by
either the elastic or the conventional analysis. It
appears that differences between loads carried by the two
bolts 1In one end of a joint were due to fahrication ine-
~Yualities and varisebility of the properties of the bolts.
Conslderable variation of bolt characteristics was shown
by results of the auxiliary shear tests; that 1s, HBolts
which were presumably ildentical and under the same loasding
conditions deflected amounts in the elastic range that
differed by as much as 35 percent, and double-shear
strengths were found to range from 5 to 32 percent greater
than stipulated by the specification in reférence 8. (See
table 2.)

Figures 13 to 15 show bolt loads that were obtained
from tests to failure of the specimens of group B and are
plotted for comparlson with analytical curves, which are
shown only up to that load above which they no longer may
be considered gpplicable. The analytical expressions
given in the figures were obtained by usé of equation (1);
the manner in which they were determined and sample calcu-
lations are given in appendix C. : ;

For the three-bclt joints, the P-R curves (figs. 13
to 15) clearly show the lnequality of bolt loads withln
the elastic range. The end bolts (1, 3, L, and 6) carried
loads that diffsered from the analytically determined bolt
loads by amounts ranging from 3 to 10 percent of the ana-
lytical values. 1In some instances differences of gbout
20 percent were found but are considered to be of 1little
importance as they occurred at bolt loads below one-third
of the critical bolt load R, The middle bolts (2 and
5) supported loads that differed from the analytical bolt
loads by amounts ranging from 5 to 20 percent of the ana-
lytical values. Loads on the middle bolts, however, were
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is in good agreemgnt with simllar belt-load values feund
in other tests. (See table 3.} Specimen A~]1 acted some-
what differently above Rep than the other specimens,
but it may be seon in figure 10 that the general tendency
was toward squalizatien of bolt loads st Jjoint failure.
Attention is called to the test conditions: specimen A-1l
was tested in wedge grips, and bending of the jolnt as a
unit, revealed by strain gages on the main plates, exlsted
to an undesirsble extent. Perhaps averaging the straln
messurements did not fully compensate for this effect and
gave sn indeterminable error in the computation of belt
loads, The use of Templin grips precluded bending of the
entire specimen sufficiently to lend assurance of & neglil-
gible effect on the remalning specimens,

The fact that all bholts in the two-bolt specimens
did not carry equal loads was probably due to lnequalities
in febrication and variation in the bolts. Because these
specimens contained only two bolts, the importance of such
conditions was magnified in the two-bholt Joints but was
less dlsturbing in the three-bolt - joints, For practical
purposes, however, there was a uniform distribution of
load among the bolts of sach test specimen at failure.

Critical bolt. loads and basis of empirilical curvss,-
The gerieral behavior of speclimens A~1, A-Z, and B-5 as
deplcted in figures 10, 11, and 15 suggests that the upper
limit—of elastic action of a joint—subject to static
loading can be termed the "critical bolt load" R,,. The

eritical bolt load 1s dependent upon the factors that
contribute in bringing about equalization of bolt loads,
which are yielding of the plates in bearing under the most
heavily loaded bolts and ylelding of these bolts, Such
yleléding 1s dependent upon the mechanical properties,
dimensions, geometric form, and manner of loading of the
plates and bolts. From these considerations, the criti-
cal bolt load Rgp, 18 defined as that bolt load at which

vieldling of the plates or holt or a combination of both
ncecurs to start the action of bolt-load equalization.

The oritical bolt lead is found from an experimental curve
as the valus of R at the lntersection of the stralght-
line portion of the lower part of the P-R curve with that
of the upper part and is determined from the curve for

the bolt that carried the greatest load when yilelding
occurred, The method is illustrated in figures 19(:) and
11(). Evaluation of R, for purposes of design or analy-

sis requires date in regard to the appropriate plate and
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bolt bearing etrengtbs and shesr strengths of bolts. For
the test specimens, loads and stresses at Ropr and fall—
ure are glven in table 3. - U

Empirical curves for the three-bolt. jolnts ars based
on the observation that the general trend of the bolt
loads gbove Ry, Wwas toward equality at feilure of the

joints. The curves were obtained for the end bolts by
drawing a straight line connecting the point repreéesenting
Rop with the p01nt plotted for the average bolt load at

joilnt feaillure. The ﬁoint representing R was deter—

mined as the intersection of the vertical line that
locates Rgp 4along the R-axis with the analytical curve

obtained from the elastic analysis. The average bolt
load at faillure was computed as the ultimate joint load
divided by the number of bolts that supported the joint
load. Curves for the middle bolts. (2 and 5) wers obtained
from conditions of symmetry and equilibrlum, that 1s, 7 ~©

2=P—ZR]_.

In order to determine empiricsl curves for speci-
mens B-1 and B-2, data from the tests of specimens A-1
and A-2 were used. Because of the curvature of the upper
parts of the P-R curves for specimens B-1l and B-2 (figs.lB
and lh), Rep could not be determined for elither speci-

men. The value of R., shown in figure 13 for specimen

B~-1 was computed from the avesrage of bearing strésses — """~ —
calculated for the critical bolt loads of specimens A-1

ané A-2. TInasmuch as the plates of specimen B-Z2 were of

the same thickness as those of specimen A-2, the two '
specimens should have had the seame value of qcr’ For

this resason, the wvalue shown in figure lh is the same as
the value obtained from the test results for specinmen A- 2
Bmpirical curves for specimens B-1 and B-2 were con- - :
structed with the values of Hgp thus found as the
starting points and the average bolt: loads at failure
es the snd points. : S om= =
The bolt-loed-equalization proceas probably starts
before Rep 1s reached; but Rgp, as used herein, pro= -
vides & definable 1imit for the transition from formulss
based on the assumption of elastic hehavior to empiricsal
expressions. Such emplrical expressiors are of practical
interest as a basls for desizn at limit losd, because
such design generally comes within the range between Rgr

[
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and fallure and current desizn methods make no allowance
for the unedqual dlistribution of load among the bolts that
oexlsts within the greater part of this range. The process
of bolt-load equalization is undoubtedly more complicated
for Joints contalining more bolts 1n line than the speci-
meneg of the present teats. As a result, 1t 1ls lmprobeble
that relationships for empirical curves above Rgp for

multirow joints are as simple as those found in the
present tests. It appears probable that failure of the
inltial bolts in a multlirow jolnt may occur before the
process of equalization is completed and may thus cause
joint fallure at a load appreciably less than the sum of
the ultimate strengzths of the individual bolts.

Curves of Bolt Load Against_béfiection

Deflection of bolts in specimens of groups A and B.-
Curves of bolt load plotted aegainst deflection are pre-
sented in figure 16. The curves of figure 16(a) show
average deflections &gy of the two central bolts, one
on each side of the gap between maln plates, in each
gapecimen of groups A and B, In plotting the curves of
R ageinst 04y, the values of R were those computed
from streain data and used to plot the P-R curves. CQCurves

obtaired by means of equation (3), & = %?, are plotted

for ccmparison with the experimental curves; and deflec-~
tions corresponding to the values of Ryp determined

from the P-R curves are shown,

It may be seen in figure 16(a) for the specimens of
groups A and B that, 1n general, bolt deflection lIncreased
rapidly after the critical bolt lcad Rgp Wwas reached.

Below Rgp there 1is excellent agreement between the

exverimental curves for specimens A-2 and B-2, which is
in conformance with theory since both specimena were of
the same thlckness and fastened with bolts of the same
size and material. There is zZood agreement, moreover,
between the experlmental polints and the ploft of equa-
tlon (3), as the greatest difference for either specimen
is about 10 percent of the correspdnding analytical wvalue.
For speclimen B-1l, the experimental curve diverges from

the curve of equation (%) between the origin and Rqp by

a maximum of L5 percent and shows a divergence of about—
30 percent at Rgn. Such disparity is not surprising, as

g

o
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the auxiliary tests show that presumably identical bolts
may deflect amounts that differ by as much as 35 percent
and the two methods used in the determination of ﬁav

yield results that may differ by apDrox;mately 15 percent
The experimental. deflectlon at Ry, for specimen A-1l was

sbout 36 percent greater than the value computed by means _—

of equation (3); and between the origin and about E er

the differences were between 10 and 20 percent. ~ -
The experimental relationships for specimens B-3 and
A-3, as shown in figure 16(a), are represented by defil-
nitely curved lines. Apparently the straight line repre-
senting equation (3) is anslogous to the secant line used
in determinations of the secant modulus of elasticity for
materials having nonlinedaer stress-straln curves. Up to
8 bolt load of one-fourth of the average bolt load at
failure, the measured deflections were sapproximately
70 percent less than the analjtical values; and at one-
nalf the average bolt load at faillure, sbout [}5 percent
less. -The curve for specimen B-3 crosses the analytical
curve at gbout 0.8 of the average bolt load at failure"
and the curve for specimen A-3, at sbout 0.863.

Deflectlon of bolts in suxiliary (steel) specimens.-
The bolt load against deflection (R-0) relationships for
bolts in two specimens for the auxiliary shear tests are -
shown in figure 16(b). From these relationships a corni~"
parison is made between two methods for the experimental
determination of average belt deflectlon, and deflection
characteristics of bolts loaded under the same conditlons
are compared. The R-07; and R-8p curves show deflec~-

tions that were determined separately for each bolt.
Deflections &7 and &2 were averazged and are plotied

for comparison with values of &gy, which were cemputed_:;“

from data for spreading of the gap between main plates;
and curves obtained from equation (3) are shown for éom-
parison_ with the experimental results., K _ . .

In figure 16(b), the experimental deflections &7
of bolt 1 in specilmen 1 and 65 and 8gy of the bolts

in specimen 2 agree with values calculated by means of
equation (3) within 3 percent below R =5 kips. The
measured deflections &y and Ogy¢y of the bolts in speci-_

men 1 were approximately 25 percent less and. the. deflec~
tions &7 of bolt 1 in specimen 2 were about 35 pércent
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greater than values of deflection determined from equa-
tion (3). The averages of &3 and &p were about

15 percent-less for specimen 1 and about 15 percent
greater for specimen 2 than deflections computed by means
of equation (3), and both sets of averege deflections
were froom 10 to 15 percent less than corresponding values
of &gy, Which were based on measurements of gap move-
ment., — - o

Discuséion of results In relatlon to the R=5 curves.-
It 18 seen from the deflection curves (fig. 1b) that Reps

as determined from the P-R curves, was the load carried
by & bolt near the beginning of appreclable yield of the
bolts or plates or both. It may &also be noted that a
greater rate of deflection of the bolta in the stesl
specimens occurred above a load of 5 kips whereas 1in the
aluminum specimens this actlon always commenced at -lower
loads. Such action is due to differences in the bearing
behavior of the two materials,

Fcr the comparatively thin'specimens, A-3 agnd B-3
(?or whkich 'é; = 1.5 and 1.33, respectively), the rela-
|34
tionships between load and deflection wers nonlinesar; for

the thick specimens, A-2 and B-2 <for which é; = O.50>,
p

approximate linearity was shown to about 60 percent of
the ultlimate bolt load; and for the specimens of balanced

design, A-1 and B-l <fcr which %L = 0.80 and 0.67,
p .

respectivelf}, approximate linearlity existed to about

50 percent of the average bolt load at fallure. Probably
the difference in behavior of bolts in the wvarious specil-
meng may be attributed to bearing action. The effects of
bearing vary with the bearing properties and the relative
dimensions of the bolts and plates, and bolt deflecticn

in the thin specimens (%L = 1.33 and 1.5%) was largely
p

dependeat upon bearing asction. The observed nonlinear
relationship for deflection of the bolts in speclmen B-3
explains, for the most part, the s8lightly curved shape of
the P-R variation for specimen B-3 (fig. 15). In the
calculation of bolt—deflectlion by equatiom (3) the bearing
terms in the expression for ¢ have less influence on '
the results for a constant bolt size in specimens with
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thick plates (%l = 0.50 to o.80> than with thin plates
P

tp

thick specimens {-= = 0.50 to-O.BO) that equation (3)
b

furnishes as satisfactory an approximation of deflection
u8 measured values, because of the variation in the . -
bolts and uncertainty that evidently attends the experi- T
mental determination of bolt deflection. Also, despits -
the nonlinesrity of R-5 curves for the thin specimens,
the assumption of & linear relation between bolt load
and deflection was satisfactory for use in conjunction
with equatlon (1) to establish P-R curves for specl-

men B-3 L= .,?)

(?l = 1.3% and 1.54). It appears, furthermore, for the

Portunately, the analytically determined bolt-load
relationships are relatively inscnsitive to appreciable
changes in magnitude of the bolt constant ¢ or the plate
constant K; nevertheless, further investlgation of these
factors 1s necessary. The effect of bearing has a large
influence on the magnitude of €, and the present tesat
results that are given as R-8 curves point to greater
uncertainty of the adequacy of the bearing terms théan
other terms in the sxpression for ¢. In addltion,
further study of K 1is desirable, as short pitch may
cause behavior that would make the actual bolt loads
more dependent upon this facter than is 1ndicated by _
present knowledge. : : _ [ -

CONCLUSIONS

The follewing conclusions are drawn from the results
of this investigation and apply to symmetrical butt Joints
made of 2LS-T aluminum-alloy plates jolned by two or three
wring-ritted alloy-steel bolts of the same size with the
bolts in & single line in the line of applied static loads

1. For joints in which the total load 1s imposed aon
three bolts, the bolt loads are not equal in the elastic
range, as assumed in conventional snalysis, and can bs P
calculated within about 10 percent by means of the expres-
sions presented in this paper.

2. Above the elastic range, a process of bolt-load
ejqualization tskes place as a result of yielding of the
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plates in bearing, yi=2idinz of the bolts in shear and
bendirg, or a combinsticn of both; for practical purposes,
this sction causes the hLolts to support-equal loads when
jJoint-failure cccurs,

-- *

3, Above the algstic rangse, also, the analytical
curves can be exterded in an empirical manner and this
extension may be used to provide a basis for limit=load
deslgn,

LL.  -For joints in which the total load is imposed on
two bolts, the distribubion of load to the bolts at the
ultimate joint 1load is less affected by fabrlcation ine-
qualities and variability of materials than 1s the dlstri-
bution In the elastlc range,

Langley Memorial Aeronautical Laboratory
National Advisory Committes for Asronautics
Langley Fiseld, Va., December 20, 1945

Rl R

1

tdd i
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APPENDIX A

DEVELOPL ENT OF ANALYTICAL EXPRESSIONS USED IN
DETERMINATION OF BOLT LOADS FOR ELASTIC
BEFAVIOR OF SYMMETRICAL BUTT JOINTS
General Bolt-TLoad Relationship
Definitions and assumptions.~ The type of bolted
connectlon dealt with herein 13 termed a "symmetrical
butt joint." In order to clarify the meaning of this

phrase, the Joint arrangement is defined by the following
conditionss

(1) The butt straps must be of the same thickness
and material. (A bubtt strap and the main plate mey be of
different materials and may have any thickness ratio.)

(2) The bolt pattern must be symuetrical adout the
longitudinal center line of the joint. (The pattern may
be unsymmetrical about the transverse center line lying
in the ga» between main plates; such g case constitutes
two seperate problems in the determination of loads -
carrled by bolts in the two halves of the joint.) B

(3) Bolts in the same transverse row must te of the
same size and material but need not be the same as those
in any other row.

In the analysis of a jolnt as a statically indster-
minate structure, there are certain conditions that must
be known or essumed. For the present-solution, the
following assumptions are made:

(1) The ratio of stress to strain is constant.

(2) The stress is uniformly distributed over the _
cross-secticns of main plstes and butt straps. N

(3) The effect of friction is negligible.
(L) The bolts fit the holes initially, end the

meterial in the immediate vicinlty of tne holes is not
damaged or stressed in making the noles or insewtin” th

bolts,
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(5) The relationshlp betwsen bolt deflection and
bolt lcad is linear Iin the elastic range and may be

expressed as & = %?, in which G 18 a bolt constant

to be determlined subsequently.
Analysis of symmetrical butt jolnt fastened by boltis

';:
¥

{

in a single 1ine in line of applied load.- Briefly, sclu-
tion of the problem consists of the following steps:
After load 1is applled, a part of the joint between bolts
1 and 1 + 1 within the Joint—is considered (fig. 18),
end the length p + &, along the main plate between the
two bolts iz added to the deflection of bolt 1 + 1 and
equated to the length p + Az * along the butt straps
between the two bolts plus the deflectlon of bolt 1.
The deformations are exprsssed as functions of the loai
and deformation characteristics of the plates and bolts,
The resulting equation is solved for the bolt load Ryl

in terms of the bolt load Ry, - the joint load P, and
the elastic constants of the plates and bolts.

It may be seen in figure 18 that
P4, + 8147 =p + Ag+ O3

or -

141 = 01 - A, + Ag (A1)
Prom sssumption (5),

C

. - i+l

Uj_.[.l - 2 Ri+1
andc — )

Ci '
_ 61 = —Ry | | o (a2)

The load in the main plate between bolts 1 and 1 + 1
is equal to the Joint load P minus the sum of the loads

on all.bolts ‘T'R preceding the part of—the Jolnt undser

consideratlcn, that 1s,

Load in-main plates between bolts 1 and 1 + 1 =P —:2: R

1

!
i

R

[
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The loads in the butt straps between bolts 1 and
1 +1 are equal to the sum of the loads transmitted to )
the butt streaps by all bolts preceding the section under
conslderation; and since there are two butt straps,

1 3
Load in one butt strap between bolts 1 and i+—l=r5 >R
1

With thess relations _and the second assumptlon, the
plate deformations may be written as - S

D i
p =B E \F - 2R
P 1

_1_» L.
bs =2 TE.B 51—3

s Z

Iet
P _
btpE K?
b
=KS
btgE

The plate deformations may then be written
&
bp = Bp (P - 2R
1
— < S
s =5 =R | (43)

Substituting expressions (A2) and (A3) into equation (Al)
gives . . ] . . PR

C 2Kp + Kg L 2K o
Ry,q = Ry + —= > R - P (alt)
#1704 Citl 7 Cir1
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Nurierical work is facilitated by letting

1 1-1 _ ..
> R=R +> R e
1 1 . T

Rewrite equation (Al)

c 2K, + I 2K 2Ky + Kg i-1
R,y © 5By + —2——2x, - —Pp , ZP 855 )
: 1+ Css1 1+l Cis+1 1

ES

Bquation (A5) 1s the general reletionshils between
tiie loads on any two successive pbolts. In the form shown,
this equation 1s resdily adaptable to numericsasl calculs-
tion without obtaining general formulas for loads carried
by individual bolts of the joint. If deemed nreferable,
equation (A5) mey be used to dsternine general expres-
sions for individual bolt loads. The numerical procedure
i1s 1llustrated in spvendix B, and general formmulas for
loads on the bolts of the three-bolt test soeclimens are _ v
shown in appendlx ¢C. -

A case that occurs frequently is tust in which the
bolts are all of the same materlal and size and the butt .
straps eare of the same material s&s the main nlate with a
thickness equal to one-half. that of the main plate.

Then - | -
Cif =C341 =C | -
2K, = K, _ - -
and - o =
PKg Kg 2Kg 1-1 X
-~ Ryy1] SRy + g Ry - Pt >_R - (45) N
— T

Equation (A5) applies to the specimens of the tests
revorted in this waper.

Analysis of symmetricel butt joint festened bv bolts
in several Tines parallel to applisd load.- A solution of
the general case illustreted in I'igure 19 may be obtained .
1f, in addition to the assumptions made in the first sec-
tion of this apnendix, it is assumed that thus bolty  in
any transverse rcw 1 are leaded equally. TIn a manner =
similer to that in which equation (A5) was obtamined, 1t
ray be shown that

Illl.‘i'l
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oF] N1 (2Kp *+ Kg) 2Kp
Ri+1 = Ci+lRi + _C1+1 Ri - Ci+lP

;1_ R (A7)

It is probable that less accuracy would be rsalized in

the application of equation (A7) in the analysis of

Joints of the type illustrated in figure 19 than in the
analysis of joints of the type shown in figure 17. Posneér
(reference li) developed & relationship for lap joints
similar to equation (A7) from a consideration of pldate
deformations in tenslon and in bearing of the plates under
the bolts or rivets. In the determination of bolt con-
stents, Posner neglected the effects of éhearing, ‘bending,
and bearing of the bolts. As a result, for &ny given bolt
pattern and joint width, Posner's soluuion yields identi-
cal results for all bolt sizes or for all plate thick~
nesses when the thickness ratioc of the lapred plates is
constant. The solutlon contained herein, which is in
agreement with the test results, shows that such a con-
dltion does not exist for butt Jjoints.

C1+1

Determination of Bolt Constant C .

Pactors affectinzg C.~- In the development of the
general bolt-load relationship, it was assumed that a
linear relation exists between bolt deflection and bolt
load in the elastic range. The relation is stated as

_ CR |
5 = > (A8)

From equution (A8) it may be seen that ¢ 1is affected
by the factors that influence deflectlon. These factors
are shearing, bending, and bearing of the bolt; and, as

C 1s used herein, the localized effect of bearing of the
plates 1s included in the determination of C.

Since the bolt is loaded and acts in a highly com-
prlex manner, the deflection 1is not readily determined.
A solution for C will be obtained by assuming the bolft
to be a fixed-end beam loaded as shown in figure 20. As
relaeted to this assumptiocn, 1t should be remembered that
the theory of elssticity shows that the basic assumptions
underlylng conventional beam analysls are violated when
such analysis 1s applied to this case. A more refined
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—

solution appears unwarranted, however, in view of the
uncertaintlies introduced by the practical conditions of
Joint construction. PFurthermore, the nature of the prob-
lem and present experimental results indicate that a
highly exact determination of (¢ 1s probubly unnecessary.
Expressions obtained on the basis of the Toregolng and
subsequent assumptions, however, redqulre experimental
checking over a wlde range of jJjoint-arrangements before
they may be considered generally acceptable,

Effect of shear, bending, and bearing of bolt.- The
deflectlion caused by shear, bending, or bearing 1s deter-
mined separately and equated to an expression of the form
of squation (AB) to obtain the part of ¢ that may be
attrivuted to each effect. Doflectlon is measured rela-
tive to a line that passes through thie centrolds of the
end cross sections of the bolt, and shearing and bending
deflections are found at the center of the span. The
unlt bearing deforimation is defined as a percentage of
the tolt diameter, and hearing satress 1s computed 1n the
usual manner as R/tD. The bsaring modulus of the bolt
Eby,, 18 assumed equal to the compressive modulus of the

bolt material. It 1s then found for shear that

a(2tg + tp)
J_J.G-b Ay

where a 1s a constant depending upon the shape of the
cross section and is equal to h/% for a circular sectlon.
Thus . - _ .

(89)

Cog &

2ty + &
Cpg = —>2 (410)
2GpAp _

Por bending,

= o = Bty + 16tg2t, + 8tstp2 + tpd (a11)
v : 192EppIn . *

For bearing,

2tg + tp

= : Al2
Coor cht_PEbbr ( _ )

R

!

i

(3

|

;»

i
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Effect of bearing of plate.— The assumption of a
uniform distribution of stress in the plates gives satis-
factory results when an average elongation is the quantity
to be determined. Such an assumption, however, does not
take Into account the localized effect of bearing vf the
bolt on the plates., This effect is of greater importance

when the bolt i1s of a harder material with appreclably - S

greater bearing strength than the plate than when the
plate is harder. This statement mey-be clarifled by &
consideration of the behavior of a bolt and a plate under
bearing load. The material of the plate can flow outward
at the edges of the hole and thereby permit further ’
bearing deformation. This action produces a bulging of
The plate under the bolt, an example of which may be seen
by inspection of specimen A-1l in figure 3. The bulging
induces a secondary effect by increasing the besring area
which in turn tends to provlide greater resistance to
bearing deformation. The material of the bolt is more
confined than that of the plate; conssquently, the boltbt’
must deform more by a process of compaction than by flow
of the contact surfaces. It foliows that the two con-
ditions represent different aspects of the bearing prob-
lem and that bearing of the plate is more critical when
that of the plate, which is generally the prevaillng con-
dition in airplane structures. &SEpstein (reference T7)
arrived at similar conclusions in regard to the bearing
actions of the bolt and plate as a result of his investi-
gatlon of bearing strength. Therefore, in the deter-
mination of plate deformations, provision must be made to
include bearing deformation of the plates. Although
bearing deformation is a function of the dimenslons and
elastic properties of the plates as well as the load,
this deformation can be estimated more readily in terms
of bolt behavior. For this reason, the resulting correc-
tion 13 applied to the bolt constant C rather than to
the plate constents Ky and Kg.

The unit bearinzg deformation of a plate is defined
as a percentage of the hole diameter, and the diameter
of the hole 1s assumed equal to that of the bolt, Bearing
8tress is computed 1ln the usual manher as R/tD. In the
manner used in connection with shearing, bending, and
bearing of the bolt, it 1s found that .

1 2
c = + — _ (A13)
pbl" tsEsbr tpﬂlpbr - -
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where Esb and Ep are the bearing moduli of the

prlates, which are assumed equal to the oompressive moduli
of the plete materials in the calculation of C,.

Combinstion of terms.- The bdlt*constant C may now
be determined by adding expressions (A10), (Ali), (A12),
and (Al3)

C = Cbs + Opb * Cpy,, * Cp .,

2bg +tp  Btg) + 16tgity + Bbgbp® + o

C = = +
500t T 192BepTo
2tg + b5 1 , o
Bsty " T * (a1ly)
When S S _ L
tg™= t’_p/e:
2%t t 3 _
€ =3 PA 92 T M t—,h' + th +tE2 (A15)
Pt Fob T Py P 8pp P Pprp
Since - e
Ap = TI’I')2/)_1.
and - - i ]
T, = nolt/6l.
and 1f ST e o el _
Bpp-
—_ =k
— Gy 1
- Bob -
Ebbr-
Epb
Esbr - k5

sk
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. Epp

= ku

prr

equation (Al5) may be written _ )
NN . '
RN VS ST I
tpEbb Eﬁ (D )Zl_kl + LL(D /) + ¢k2 + k3 + kh_J (AlG)

Bxpresslions for (¢ for specific combinations of

materials.- The following expressions are limited to the
tp
case where t, = —:

S 2

Case I. If average values of generally quoted moduli
. of the structural sluminum alloys lﬁS-T, 17s-7, 2Ls-T,
) 253-T, and 75S-T are used, the values of k are within

1l percent of the following: '

- kl = 2.66
and
k2=k5=kh_:

For any combination of bolts and plates of these mate-
rials, therefore,

= <E 13 (ip_ Nt <t 2y’ * 11 (417)
tpEbh L D - ) J

. Case II. PFor steel plates and bolts,
R Ebb = Ebbr =-Esbr =.prr = 29,000_k8i
Gp = 11,000 ksi
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Comparing these vgluss of k with those for tihe alumimun _ .
alloys shows that equation (A20) also applies to the cese
of steel nlates and bolts.

Cese TII. PFor alumirmwus plates and steel bolte,

k =1 -
2
and - - a——-
29,000 :
kz = kj, = —=— = 2.7% .
7 % "% T 16,500 & _

in which 10,600 ksl 1s an average value of the compressive
modull of the previously mentioned alwainum alloys. The
z2xpression for ¢ is

{‘ /’t ‘\- 2 i _ b N2 )
¢ = ‘? 20,13 { 3 Y a1z +_<—3> + 1.87 (A13)
- tbhbb j \ / 1 D |

"

Jage IV. For eluminum riain plate, steel butt atraps,
and steel bolts, '

kl = 206)—1 -
ka = k3 =-1 L -
Iﬂ+ = 2.73 B
and : oo

f
i

- Za
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case V. For sluminum main plate, steel butt straps,
and aluminum bolts, -

k, = 2.06

and

P

- - ‘j_q_..'_.
¢ =3 oo 0.12 (D 1 2.12 + S + 0.3L  (A=20)

et

The preceding exoressiors can be generally applied
by replacilng tp with a hypothatical thickness equsal to

Ane-half the total thickness of the plates; that 1s,

t T - (A?l)

- H 2
C = 2 __&(i%y. ‘k + _5_(3_&_\2’_)
av € avEbb l}w D" L_l u D
+ 2k2 + k5 + kﬁ | (A22)

Because of the anproximste nature of the expression for
¢, the further approximetion inherent in equation (A23])
is justified and values of C,, may be readily determined

that do not differ too much from those calculeted from
eguation (Alh). In order to examine the differsnces
involved, the extreme case of tg = t was chosen and

the comparison is given in table L. Table Y} shows that

Coav is from 2 to 19 pnercent less than C for any value

t .
of D/ D
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APPINDIX B | N
S NUMERICAL EXAMPLE

In order to i1llustrate the appllcation of equa-
tion (AS5) in numericsal caleulationg, solution of the
following exemple is given, Consider s five-bolt joint
(fig. 18) made up of the following components:

Steel bolts:
D = 1/l inech

Epp = 29,000 ksi
2iS-T plates: , ‘
- o = 5/16 in,
ty = 3/16 in..
p =1 in,
b =2 in.

E =. 10,500 ksi

Since Ci+41 = Cy1, eduation (A5) may be writbén, from equa-
tion (1),

-1
2Ky + Kg 2Kp 2Kp + KS%T~
Ri+1 = By + ——F—=Ri -~ P + 5 R (B1)
K =—F_ _ 2 1 =
3 - bLgE ~ (2)(0.133)(10,500) _ 3940
o = BtpE = T27(0.313) (10,500) ~ 3506 = %0
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The bolt constant may be determined from equation (AlB)
by replacing tp with tgy; then

s =)
Cav—tavﬂ'bb 013( ) 212+( > +187?

-
2tq + b4 Z
tay = s ; p _ 2(0.188)2+“0.§}, ~ Qe5hﬁ
tay _ 0.3Ll _
D ~ 0.25 H 315
and.
1
Cav = 37
2Ky + Kg 1,2+ 1 _ L37 _
g 39010 T = 0.2k

2Kp _ _L37
c 3280 0.133

Starting with the second bolt, successive exXpressions
for each unknown bolt load are - written in terms of Ry Dby

means of equetion (Bl):

Ry = Rp = 1.000Ry

R, = l.244Ry -~ 0.133P = 1l.24L4Ry - 0.133P

Rz = l.2i4Rp - 0.133P + 0.2L4Ry o
= 1.2454 (2. 2lhRry - 0.133P) - 0.133P + O, 2uuRl

1.793R{~ 0.299P
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Rl ="1.2khRs - 0.123P + 0.241(R; + R,)
=_1.2uu(1.79331-o.299p)-o.153p-+o.2hh(2.2hhnl..o.laﬁp)
= 2.778Ry - 0.5%7P |

R =“1.2)4LmLL - 0.1%3p + o.2hu(Rl + R, + R;)

()]

l.2uh(2.77831-0.557P)-O.133P+ o.auu(u.o;7al- 0.4%2p)
= q.uuoRl - 0.,906P |

Now, |

P =3 R = 11.255R; - 1.875P

and thereforoe

Ry = 2875 5 _ 0.256P
11.255
Rp = 1.2 x 0.256P - 0.122p = Q,185p .
Ry = 1.793 x 0.256P - 0.299P = 0.159pP '
R, = 2.778 x 0.256P - 0.527p = 0.173P

Re = L.lilio x 0.256p - 0.9062 = 0.223p

Arithmeticel check: P =35 R = 1.001p

In the conventional method of analysis, it is assunied
that each bolt carries the same load, that is, R = 0.200p.
Compering the foregolng results with this value shows ]
that the end bolts are overloaded and the interior bolts
carry less load than they are usu&lly consldered to
support. Thus, . .-

R;/R = 1.28

Ro/R = 0.93 ]
' 35/3 - 0.830 g

RM/R 0.37

RS/R = 1.1

R

TR A

JA
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. APPENDIX C

GENERAL EQUATIONS FOR AND CALCULATION OF BOLT
LOADS FOR SPECIMENS OF GROUPS A AND B

Equation (A6) applles to the calculation of the
loads carried by the individual bolts of specimens of .
groups A and B since 2Ky, = Kg &and the bolts are : i
all of the same size and material. The expression is Com '

2Kg Kg 2Ky i=1

Ri_l_l:R-]_'F—a—Ri—"a'P'l- 3 :: R (c1)
1

General equations.~ For any two-bolt joint when
2Kp = Kg and the bolts are of the same size and material,

. i1t can be shown that Ry = Rp = P/2. From equation (c1) .

2Kg Kg _ o
. Rp =Ry + —— Ry -~ = P (c2)
C C

Since -

P=ZR_:R1+R2

P=TRy +{Ry + s R EsP

1 1 G 1~ c

and

C+Kg C+Kg

P =

therefore

R1 = Rp = P/2 (C3)

Equation (C3) applies to the three specimens of group
A, since all fulfill the necessary conditions. -
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For ths joints of group B, the following equations .
apply: -
From symmetry
Ry é R5

Substituting egquation (¢Z) into (CL) gives

' 2K K. P
P=2Rl+<Rl+-—&Rl_._z_
c

RS | :
1° 3C + 2Kg F ©3) -

Substitution of equation (C5) inta (cli) gives

C _
Ry, = —% N\ p 6
2 <50 + 2Ks> (co)

Iyoical calculations for joint of group B,
specimen B-1.,-~

From teble 1,

P = 2 in.

h = l-l in.

i

tp = 0.37L 1n. _ o

E = 10,500 ksi

For the bolts,

D = in.

=l

Epp = 29,000 ksi
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K :-_—p — " 2 - 1
" S bt E (1.25)(0.187)(10,500) 1225

" .

L = 1.5

D

From equation (AlS)

£
c 8 Jo.13: —~) [;12-+( p)i} + 1.71
£

Substituting in this expression the values of ns Epy,
and t,/D gilves

H

-

—

) 8 L . B |
c = 0.13 (1.5 2.12 + (1.5)2] + 1.3
. (0.37l) (29,000) L 2) [ 2 J 7
- L _ 2.8,
. - 32 T 1235

From equatlon (C5)

and from equation (C6)

- _ /2.8
Rp = k?2.84 T 2)F "

- /2.8,
\%O .52
The values of R for specimens B-2 and 3-% wzre

found in like manner, and the elastic constants and ratios
R/P for all specimens are shown 1ln teble 5. -

P = 0.270P
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- APPENDIX D

YETHODI (F ATALYSIS OF TEST DATA

Belravior of Specimens

Stress distributlion in nlates.- In the analysis
iven in apwendlIx A, tae stress In the platss 1s assume:

tU_bP unifOP“LV dlstrlbuted. The photoelgstic studies
ol' Coker snd Filon (reference §) and Frocht (refer-
ence 10), however, show that a nonunifors stress
distribation exists in the plates of bolted joints.
In the reduction of test data, »late loads were calcu-~
lated on the assumntion of a uniforl "distribution of
stresas; the stress weas computed from an average strain,
whiich was determined. as the arithimnetical averszspge of -
three strelins measured on the geze lines shown in
figure 17. In order to studr the menner in which the
trmie stress- distribution affactsd the actusl %Qeclt loads
g8i1d thé calculeted nlate loads, =a brief discussion 1s .
aglven in connection witin the obqefved streing.

It was observed that the strain distribation
varied with load (fie. 17). At low loads tks strain
dlstribution was apnroximetely uniform; but, as the
Joant load was Iincressed, strainS"fi messurai on gage
line 1 increased at a faster rate than the strailns €2

neasured on gage line 2, directly in line witih tae bolts.
Although €1 increased 'nore rapidly with load than ¢

et all sectlons, the amount and rate of increass varied
considerably Irom section tc section of a specilren.

All specimens exhiblted similer behavior but it was
somewhat mors pronounced in specimens A-32 and B-3,
from which the data plotied in figure 17 wers obtalned.
The nlotted vnoints represant the averesges of strains
measvred with all gsges, which were lobateu in similer
nosltions on the butt strams,.

load-strain behavior of t%e tyve shown 1in figure 17
has been reported nreviously (references 5 and 11).
In reference 5 several sets of astress diagrazs for
rivetsd and pin-connected jcints ars given, which
indicate the ssme tendency gnd in sonc casss show that
directlv 1n line with the riveta the stress cheanges
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from tension at low loads to compression et higher loads.
IT an irregulasr strain distribution based on the diagrams
of reference 5 is essumed, nlate loads may be calculasted
and compared with the »nlsts loads comnuted on the basis
of average strain; the following comparisons sare made

on this basis, ' :

The greatest percentage variastion of neasured
strain occurred at section 2-2 of specimen A-3%3 at a
joint load of 8.5 kins, where the center strain €5

was avproximately 25 nercent less than the average
strain €,y . The load in the butt straps at this

section commuted on the assummtion of the Iirregular
strain distribution ig ahout 7 percent greater than

lie load computed on the basis of average strain. The
two methods give loads at section 2-2 that dlffer by
about 3 nercent for specimen B~3 at a joint load of
. approxinately two-thirds the ultimate and for speciImén
A-3% at sbout one-half the ultimate. At lower Jjoint
loads the differences are nsgligible. At section 1-1
the difference i1s less than 2 percent in all cases.,
At section %-%3 of speclmen B-3%3 the maximum difference
is 3% percent. For the remaining speclinens the
differences at corresponding sections are less than
those just cited.

It may be concluded in regard to the specimens
nf these tests that, at the sections where strain
me asurements were made, the assumption of a uniform
stress distribution »nrovides a satisfactory means for
the calculation of nlete loads, The »nlate constants
Kp and Kg, which are assumed equal to plate deformation

ner unit of load, are not necessarily determined with °
corresnonding accuracy on the basls of the same
sssumption. The stress distribution undergoes a very
considersable change from a section midway between
adjacent bolts to a section through the bolt hole.

High stress concentrations are present in the vicinffy
of the hole, which cause yielding of the material _
eerly in the load history of a joint and are largely -
responsible for the actlion illustrated in figure 17.

To take such action inte account theoretically would
involve correction of the plate constants K, and Kg,

which would result in nonlinear curves of joint load
sgaint bolt load (P-R) for all bolts of a joint. Such
correction indicates that the first bolt carriss a T
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greater load than is at present determined by means of
any proposed elastic thaory. Previous investigators
heve Tound exverimentslly deterinined loads on the first
holt greater thsn those computed by mesns of an elastic
theory (references 3, 5, and 6). It will be necessary,
iiowever, to secure moreé infornation sbout the stress
digstribution before revised values of ¥ éan be
incoroorsted in the theory.

Lateral bending accompanying transfer of Lolt
loads To butl strags.- In the analvsis given 1n
appendix A, & bolt load is assumed tc be distributed
uniformly along the bolt. It has lonz been recognized,
however, that the bolt load is distributed so that
the resultant of the psortion transmitted to one butt
stran lies within the half-thickness of the butt strap
ad Jacent to themain plate. As & result, s lateral
vending moment acting in a plane normal tothe plane
of" the butt strap is induced irn the strap. Thls norent
18 resisted partly by flexural stiffness of the strap
and partly by direct tenslion in the bolts. 1In tlhese
tests the nuts were loosened in order to minimize
frictiongl effects and for this reason lesteral bending
was largely resisted by stiffriess of Ltlie straps.

The presence of lateral bending moment in the butt
streps has a negligible effect on the values of the

bolt loads. Avwroximste calculations indicate that this
lateral bending moment affects the load on the first
bolt to en extent of the order of magnitude of 0.2 per-
cents The princlpel difficulty caused by lateral
bending lies in the interpretation of strailn data.
Because of thls bhending effect, correction-.of calculatsd
plate loads 1s necessary in some ceses; this bending

is explained in the following sectlion in connectlon with =~

those specimens for which correction was required.

The presence of lateral bending moment wss confirmed
experimentally by strain measurements taken on the outer
surf'aces of the butt straps at the centers of the joints.
That monent existed in all cases except thin svecimens mey
be verified by reference to table 6. In table & the
test specimens are listed according to decrsasing :
thickness of the plates as evidenced by lncreasing ratios
of polt dlameter to butt~strap thickness D/tg. The

tabulated values are ratios of internsel load to asplied
load. Internal loads were determined at three sectlons,

»A

o
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at each of which it was ¥mown from conditions of equilil-
brium thet the total applied load was resisted by the
nlates upon which strain msasur,ments were made. Valuas
of PU and PL were calculated from strdirn data

obteinad at sections 3 inches beyond the first bolt
in the upper and lower main plates, respectively
(fig. 1). Values of Pg were calculated from strain
meesurements taken on the butt strags at tne centers
of the Jjoints. It may be noted from table o that
P./P 1is less than PU/P and P;/P, in which cass

sach of the last twe alvays have uhe'expected vaive of ’
unity within 2 percent. Also Py /P 1s influenced by
the number of bolts fastening the plates and decresses
frow: unity as D/ty decreases. This behavior is -

attributed to mors flexurel resisterncs of the butt .
straps together with greater bending deflection of tlze

bolts in the thicker sweclmens, which Zs sccormanied by - -

arester bolt-load sccentricity. Curves of Py are

shovm 1in figures 5(a) and 7(a) to 15(a). It may be
ssen in figures 10(a) to 13(e) that Ps/P 18 constant,

which 1s indiIcative of a constant bolt-load ecceniricivy,
un to one-nalf of the ultimate load. The rvslstionsl:in
c2a53s to bs linear at higher loads, excest lor speci-
gmens A-2%2 and B-%2. Zvidently the butt-strep bending
increases at & gresater reate vDecause of imncreasing bolt-
load sccentricity attributable to the large bolt L
deflections thaet occur et wigh loads. Curves cf PU

and Py, &re not nresented, as tnhe strain behavior was

f11lly in accord with thsat which would be predicted at
ssctions where these values were determined. As the
tests were in yrogress, it Wwes observed that the effect
o' the eccentric location of tha resultent bolt loads
caused the free ends of thie butt straps to move outward
from th> main plates. Movsuaert was, of course, per-
centlinle only et nigh loads. A similar behavior has
vesn noted by previous investigators (reference 12).

In the usual types of bolted or riveted joints,
it eprears likely that vending of the straps would-be
relisved spnreciaebly hecauss c¢f tension in the bolts or -
rivets, except at loads approaching tie ultimate. As
the bolts or rivets undergo larzs aefo*mations at loads
near the ultimete, they are unsabls to carry Hﬁ tensile
loads necessary to relieve bending. ' : '
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Analysis of Test bata

Calculetion cf bolt loads from strein deta.- In
sensral, tne load on a bolt was celculested as t.ae differ-
snce betwsern butt-strap loads at secblons on each sids
of the bolt. The tensile modulus of elasticity used
1n the calculations was E = 10,5G0 xsl. Stress-stra.n
surves plotted from btensile test dsta for coupons
representing the plates were tysical of 243-T eluninum
alloy; moduli of elasticity determined from these
curves were within 2 percent of the recommnended csteandsard
valus—of 10,500 ksi.

For swecimens A-% end B-3, the butt-strap locds
wers computed as the pross area of a& butt - straen timss
tiie averaze stress. The aversge stress was conslaered
te be equal to the arithmetical average of three
measured streins multinlied by the modulus of elasticity.
"he load on the first bolt Ry was found by adding the -

hbutt-~streo loads at sectlon 2-2 for sneclmen A-?% and at
cectlon %3-3 for specimen B-3 (fig. 17). Load on the - o
second bolt R,  was found by subitracting R4 from the .

sum of tne butt=strao loads at section 1-1 for swveci-
men A-3 and et section 2-2 for svecimen B-%. For B-3%,

load on the third bolt R5 was found by subtrsaciing ) o
the quantlity Ry + R, from the sum of the butt-strap = _ -
loads P, et section 1l-1. The remaining bolt loads -
Rh, 35, and Rg Wwere determined in the same menner. . .

In the case of specimens A-1 and A-2, »late lcads
were cetermined dlso by this method. Leteral osnding . ) .
of the butt strans, nowever, necessitated correcticn )
of the velues. From the method of straln measursment _ L
(bv use of the gages on the outer surfaces of tne straps), L
the megnitude of the bending moment could be evalusted. e
only &t tha section where PS was debermined. It was

assumed that the errors due to bending were vrascrtional

to —2 -~ l,and correction was made by multiplying the

hutt-strav loads by P/Ps, after which the bolt loads .

were found in the mammer used for specimen A-%7. Vith ' -
resmwect to svecimens B-1 and B-2, quellitatlve studles :
indicated lsteral bending moments of the same sign et
sections 1-1 and %-%2 (fig. 17) with moment of onvosite

_—
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sign at section 2-2. On this basis and the sssumption

B
that the errors wers proportionsl to —= - 1, the bubt-
strap loads were corrected by multiplylng the lcads at
sections 1-1 and 3-3 by ?/P, &nd the loads at sec-" "~

tion 2-2 by P,/P, after which the bolt loads were found

in the manner used for specimen B~3. Although 1t was
clear that at any one joint load tne ssme correction
factor d4id not apply at ell sections, since the moment
varled along the lengths of the butt streps, dues consider-
ation of tlie several factors involved in the bshevior of
all specimens indicated that the correctlon procedure

was fairly adequate except at high loads for specimens B-1
and B-2. The curves of Pg are shown in conjunctlon wlth

the bolt-loed curves in figures 5(a) to 15(a) because of
their interrelationship owing to the use of Py 1n the

determination of correction factors.

Calculetion of bolt deflections.~ In studylng tae
load distribution in beolted or riveted Jjoints a number
of investigetors hsve mads use of the 'loadslip® relastion-
shi» or the deflection of the rivets or belts (refer-
ences 1, 2, L, and 5). In the usuel types of bolted joint,
deflection of the bolts is not amensable to measurement,
snd the procedure to date has been to make indirect
determinations on the sides of a joint by observation of )
the relative movement of the plates. Such methods,
although apvrroximate, ere generally employed in the
determination of bolt deflections; but the accuracy with
which deflections are found casnnot be stated with cer- i
tainty. In the nomenclature of the »nresent paper, the
deflectlion relationship is

& = ¢rR/2 (D1)

The comparison of measured bolt deflections with values
determined from equation (D1l) furnishes a means for
examination of the validlity of the exvpression for the
bolt constant C.

The deflection of bolts in specimens of groups A
and B was determined from data obtained during the tests
to fallure by measurement of the spreading of the gap
between main plates at the center of each joint. Total
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wovensnt was computed ns the sverase or mreasure:zents
taken orr both =sldes cf & smecimen. Fron tils value,
elongatlon of the butt straves bassvreen the two bolts

on each side &f the gap, considered to be PL/AE, was
subtiracted and tlie average deflection 84, of tus two

bolts cslculsted as one~kall ths differencs.

In order to comvare the foregoing meéthod for .
obtsinine bolt deflections with a method by whicihn thke
weflection of eackh bolt wes separately deterinined, both
nethods were uséd in two of thié aaxiliary shear tests of .
boltg. The sensratelvy determined bolt deflactions wero
obtalned from measuremxents teaken from butt strap te
ma.n nlate on owposite Taces of 8 specimsn at the enads cf
the butt strans., Deflectlon was caelcuisted ss tho-
asverage aof the two values measursl on ornosite fsaces
anua the elongatlion of the msin plate in the length
Trom—the center line of tine bolt to the =straln-gage
lozenge on the main plate. ' o
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TASIE 1
= ELEWRNTS OF TEST JOINTS
Material of l&l:ll Keasured dimensions
Olassification 1 | _dipsnsicos
= h,ln, |n ta 1% B |y Ap
Plates Bolt®  bolta per| /0| r,| Zs, | (to0)|inafctan| 181 fog tna)f(ag fany | PR
Join (v), (b)
A=l 5 | 0.80| 1.60 P.laz 0'.308 1.250{ 1.6 | 0.19%6 0385 Balancsd desigm
A2 5 50| 1.00| .251 | JL991.255|1.250| .315 b2 Joint designed to
oroup A Ais~r | s.A.3. 2330 2 : fail in shear
~ - 1. <09 .0826| J162{1.237|1. Jd02x «20 Joint designed t.
23 5 sk| .09 37| 1.9 3 olnt dsimed to
B-l 5 47| 1.33] 286 | J37l|2.2835 1.7 .235 J57 Balanced design
B-2 5 .50| 1.00| .250 { .501|1.253}1.251| .313 626 | Joint designed to
Group B Hiser | s.4.E. 2330 3 £ail in shesr -
. X . . 1. . . t designed
B-3 . 5 1 1.33] 2.75} .0921 | ~188{1.253|1.255| .1ash =6 Joint desimed to
1 - 5 {° .s59f1.00| .250 | 22 hr.250]3.290] 323 52 | Jetnts desiged to
. . X ahsar .
gtnm . p150  |s.a.E. 2330 1 5 1 .65 1.20| .208 | .koo ix.:.so 1,250 260 +300
%3,4.E. 2530 or equivalenc.
Daross srew = bt. »
°Det-min-d froa messured dipsnsicus.
TABLE 2
ULTIFATE DOUBLZ-SHEAR STHENGTHS OF &—-I!!B
ERAT-TREATED (125 ksl) ALLOY-STSL BOLTS
T .3 vbp = .R_
02 tD
Bolt load, R z(‘ (ks1)
Specimen (xips) In Remarks
(kai)
my . T.36 75.0 ~==ee | Bofersnce &
duxdliery 1 8.39 8.5 79:5 ['recidstions mhasunéd (bolt 1, rig. 1€)
8.20 gﬁ. 77.7 | Deflactions not ceasured. >
8.30 " ; .g Do.
7.78 793 3 po.
Auzilisry 2 8. &, 82. Deflecticns measured (bolt 1, fig. }2} ¢
9.@ 83.% 9;-5 Deflactions wmsasured (bolt 2, fig.
T. . T8.. Deflections not asasured.
A-1 7.98 81.3 105.8 | Average of bolts 1 snd 2 (fig. 16)
A=2 8.02 81.8 6.3 | average of two bolts 3 md L (fig. 16)
B=2 8.07 82.2 64.6 | averags of bolts 1, 2 and 3 {(fig. 15}

J‘Bolt 2 of auxiliary specimen 1 wes not sheared; it was
ussd Lo cause fallure of bolt 2 of auxiliary specicen 2
and is therefore known to hive a strength greater than

9.74 kips.

WATIORAL ADVISORY
COMNITTER POR AEROXAUTICS
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L
TABLE 3 L o
. LOADS AND STRESSES AT R, AMD PAILURE ) ) —
. - +
.T:l.nz’.::lil gri:i;nld atro;llgtlcréued it 1 ?vﬁ;go :;"u at -
Clmssdflcition 'b°;: lo:d ‘(,kl ‘i' %hgf)“ iz ,.113:2* . zk.”.ioint Typs and logation of fallurs
(kips) ( l?. (ictps)
Bearing|Shear Tex(x;:).on Bearing] Shear pu(z;.‘)-m
A=l 7.00 3.88 50.4 | 39.6f 22.8 15.96 103.8 | 81.4 | 51.9 |Ghear; bolts L and 2
Oroup A | a-2 . 8.00 L.80 38.k | 18.9} 16.0 16.04 64.3 [ 82.7} 22,1 ] Shewr; dolts 3 and
A=3 - a2 133.2 | 54.1| 67.1] Tension; at bolt L, through net
seoction of main plate
B2 .50 1 h.16 W47 | L2.3] 30.6 2340 &1 | 79.6 | 62.7 | Tenslon; at bolt 1, through net
section of main plate
Group B{ o 5 13,56 4.8 38.; | 8.9 =z7.2 4.20 64.6 | 82.0 | 48.4 | Bhesr; bolts 1, 2 and 3
%3 8.25 3.2 0. | 33.0] Ll.7 12,02 87.3 | k0.9 | 65.L { mension; at bolt 3, through net
sectlion of butt straps

'Lunso of maxiaum bolt losds 'm upper erd lower jointa.

bconputud ‘194ing net area equal 80 percent of gross ares.

%Based on Average of bearing stresses at R,, for specimens A-1 md A-2.

dpatermine) frouw test of speoiren A-2. . R

TABLE L ) . - B R ]

COMPARISOR OF G ARP O,

" -

Main Butt
Case | plate| straps | Bolt { b LY « 100
(1) (ieni) k(] ky X,
D/t, = 0| D/t, = 0O

— I i Iy A J10,500 |2.66 [1 |2 2 2.3 11,2
— Ir 8 8 8 129,000 j2.64 |1 ]2 1 2.3 1.1
ITT A A s |29,000 {2.6k [1 [2.7312.73 2.3 11.1
v A 8 s l29,000 [2.64 f1 |1 2.73 2.3 ° 19,2

v A s A 10,500 [2.66 |1 3611 2.3 6.4

1
A refors to mny of the aluminum alloys, 48T ~ -
. 198-7, 237, 358-7, wnd 7581, ’

8 rafers to steel. .. . e — .
KATIOKAL ADYISCRY
COMNITTLEE FOR ARRCNAUTICS




NACA TN No. 1051

TABLE 5

BOLT AND PLATE CONSTANTS

AND ANALYTICAL BOLT LOADS

Specimens D/tp tp c Kg Ry/P Ro/P
' (1) 5
A-1 | 0.80 | 0.308 | 1/432 |2-m-e-a 0.500 | 0.500
Group Af{ A-2 .50 499 1/36l | eee-=- .500 <500
A=3 | 1.52 162 1/296 | e=eee-- «500 »500
B=1 .67 37h 1/1L.32 1/1225 « 365 « 270
Group B| B-2 .50 .501 1/355 1/1640 .354 . 292
st' 1.34 .188 1/329 1/607 .378 a2l
lBased on measured dimensions
2Not required
[ J
TABLE 6

EFFECT OF BUTT~STRAP BENDING AS SHOWN BY

COMPARISON OF MEASURED INTERNAL LOADS

5w,
Internal load
D Applied load
Speclimen E; PU PL Ps
P P P
A=2 1.00 1.000 0.995 0.897
A1 1.60 <95k .98l +935
A-3 3.09 .983 | 1.000 <986
B=2 1.00 1.000 <99 .927
B-l ° 1.33 -995 .986 . 965
B=3 2.75 1.015 1.016 994

NATIONAL ADVISORY :
COMMITTEE FOR AERONAUTICS
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Three-bolt joint; group B

Figure |. — Test specimens and arrangement of strain gages. (Arrdngé-

ment of gages duplicated on opposite face of specimen.)
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Flgure 3.- Front view of fractured specimens.
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Figure 4.- Side view of fractured specimens.
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NACA TN No. 1051 Figs. 5a,b,6

m .

& |  Ra=525P
- | o R, =475P Ry=400PP
- Y
Ee)
Z e
+ 4
i Ps=.897P
i > R,=.600P
8 2
Q.
[«
< -»
0 -
e—2 — 2 —
Internal joint load, Py, kips Bolt load, R, Rips

@ Observed relationship (b) Observed relationships between applied
between applied and Jjoint load and bolt loads.
infernal joint loads.

Figure 5. — Joint-load and bolt-load curves for loading
of specimen- A-2 in the elastic range.
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3
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- R,=489P | o -
%I.O 73 5 - o A
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> 4 (To failure)
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Bolt load, R, kips

Figure 6.-Observed relationships between applied joint load and bolt loads
for loading of specimen A-3 in the elastic range.
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Figure 7. ~ Joint-load ond bolt-load curves for loading of specimen B-| in the
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Applied joint load, P, kips

0

Ps determined ot this section — Test run Load Unload
I 0 0
p-{ " To o ollc 5 6] P 2 o 4
Bolt | 2 3 4 56 5 v B
° 4 4 — (To failure)
R,=/300P " R4=.£7P\w Rs=.302P
] p ol o
J R,=337P R5=,363% f
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A At AVINAT AT
b2 b2 —
Internal joint load, Ps, kips Bolt load, R, Kips  comriz ror secmmrics
@ Observed relationship be- * () Observed relationships between applied
fween applied and internal Joint load and bolt loads.

joint loads.

Figure 8.~ Joint-load and bolt-load curves for loading of specimen RB-2
in the elastic range.
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infernal joint loads,
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Bolt load, R, kips

(b} Observed relationships between applied joint load

and boit loads,

Figure IQ—Joini—'loud.und bolf-load curves for epecimen A-| tested fo failure.
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Figure If .~ Joint-load ond bolt-load curves for specimen A~2 tested to failure.
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Figure = Joint-loud ond bolt-load curves for epeciman A-3 tested 1o failure.
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Applied joint load, P, kips
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(b) Observed relationships between applied joint load and

bolt Joads and comparison with calculated values,

Figure 13. — Joint-load and balt-load curves for specimen B-! tested to failure.
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Figure 14.—Joint-load and bolt-load curves for spécimen B-2 tested to failure.
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Figure 15.— Joint-load and bolt-load curves for specimen B-3 tested to failure.
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NACA TN No. 1051 . Fig. 16a,b
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(b) Bolt deflections for auxiliory-shear -test specimens; SAE. 6150 steel
plates and heat -treated (125 ksi) alloy-steel bolfs.

Figure 16.— Comparison of experimental and analytical bolt deflections.
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NACA TN No. 1051 _ Figs. 18,19
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Figure 18.—Symmetrical butt joint with bolts in o single line
in the line of applied load.
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Fig. 20asc NACA TN No. 1051
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